HIV-1 protease (PR) is a primary target for anti-HIV therapeutics. A well conserved water molecule, denoted as W301, is found in almost all the crystallographic structures of PR/inhibitor complexes and it plays an important role in PR/inhibitor binding. As the PR/inhibitor interaction depends on the ionization state of the cleavage site which contains an aspartyl dyad (Asp25/Asp25 ), the determination of the protonation states of aspartyl dyad in PR may be essential for drug design. In this study, a linear scaling quantum mechanical method, molecular fragmentation with conjugate caps (MFCC), is used for interaction study of PR/ABT-538 and W301 at four different monoprotonation states of the Asp25/Asp25 . Combined method of MFCC and conductor-like polarizable continuum model (CPCM) is applied in binding affinity calculation for four minimum energy structures which are extracted from four different molecular dynamics trajectories corresponding to four different monoprotonation states of Asp25/Asp25 . Our result is ‡ Corresponding author. 
Introduction
HIV-1 protease (PR) is one of the primary targets for anti-HIV therapeutics. It is a homo-dimer (chains A and B) with an approximate two-fold symmetry. Each unit contains 99 amino acids. In this paper, the residues in chain A are denoted by its residue type and sequence number like Asp25, and those in chain B are denoted with an additional apostrophe like Asp25 . ABT-538, abbreviated as ABT hereafter, is a potent inhibitor of PR with high oral bioavailability and has been studied for many years.
1 A well conserved water molecule, denoted as W301, is found in almost all the crystallographic structures of PR/inhibitor complexes. 2 As the PR/inhibitor interaction depends critically on the ionization state of the cleavage site which contains an aspartyl dyad (Asp25/Asp25 ), the determination of the protonation states of aspartyl dyad in PR should be important for drug design. There is no experimental result for the specific protonation state of the catalytic aspartyl dyad in RP/ABT complex, but the commonly accepted mechanism of proteases is that only one of the catalytic aspartic acid residing in the PR active site is protonated.
3,4 W301 forms four hydrogen bonds, two with ABT and two with PR. Calculation of the binding free energy contribution from W301 has significant impact on the prediction of binding affinity, and therefore implicates its importance for drug design. A recent study of W301 in PR/ABT complex using a double-decoupling free energy molecular dynamics (MD) simulation method has been reported. 5 They predicted two alternative monoprotonation states: at the OD2 of Asp25 or OD2 of Asp25 . The result showed that the conserved W301 has a significant contribution to the binding free energy in PR/ABT complex, which is influenced by different protonation states of the Asp25/Asp25 . Our earlier quantum calculation in gas phase indicated that the bridge water W301 has rather strong interactions with the PR and with the ligand ABT by forming four hydrogen bonds plus ion-dipole interaction with the deprotonated ASP25. 6 MD plays an important role in studying biological processes, but the reliability of the result depends on the accuracy of force fields employed. [7] [8] [9] [10] [11] [12] Currently, a number of methods have been employed to compute protein-ligand binding free energy such as free energy perturbation (FEP), 13 thermodynamic integration (TI), 14 linear interaction energy (LIE), 15 and the molecular mechanics PoissonBoltzmann surface area (MM/PBSA). 16 The FEP and TI methods are theoretically most accurate but are highly time-consuming 5, 17, 18 and could suffer from severe convergence problem. The LIE method 19, 20 is a semiempirical model that has been used by many groups to predict protein/ligand binding affinities.
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Although it is fast, its accuracy cannot be guaranteed as it might fail when treating diverse systems. The MM/PBSA method combines molecular mechanics and continuum solvation models to estimate binding free energies. It avoids the timeconsuming simulation of intermediate states which are required by the FEP and TI calculations. It has been used to interpret the interactions in protein-peptide, protein-protein, protein-ligand, and RNA-protein complexes, [21] [22] [23] [24] [25] but the accuracy of result are often system-dependent and often hard to predict. [26] [27] [28] Since the traditional force fields do not include polarization effect, their accuracy can be fundamentally limited. Thus quantum calculation which correctly takes into the polarization effect is highly desired. However, straightforward application of the existing quantum chemistry methods to biological systems such as proteins is formidable. Recently, some linear scaling quantum mechanical (QM) methods have been proposed, e.g. the divide-and-conquer method (D&C), 29 adjustable density matrix assembler (ADMA) method, 30 fragment molecular orbital method (FMO), [31] [32] [33] and the recently developed molecular fragmentation with conjugate caps (MFCC) method, [34] [35] [36] [37] [38] [39] [40] [41] [42] as well as some of its variations. [43] [44] [45] [46] The MFCC method has been successfully applied to the calculations of total energy, 39, 41 interaction energies of several protein-ligand systems, [35] [36] [37] and electrostatic solvation energy through the combination with conductor-like polarizable continuum model (CPCM) method. 42 In the CPCM, 47,48 the solute molecule is represented as a QM charge distribution embedded in a cavity surrounded by a polarizable medium with dielectric constant equal to infinity. The solute-solvent surface is discretized into small tesserae. Continuum distribution of induced charge on this surface is assumed to be constant within each tessera and it is often represented as point charges located at the centers of each patch. The average area of these patches should be as small as possible to keep this assumption valid. The recently developed MFCC-CPCM approach 42 that incorporates the MFCC electronic structural method with the CPCM solvation method can perform fully QM calculation of electron density for proteins in aqueous solution. 42 Since polarization is explicitly included, the application of the MFCC-CPCM method to study protein/ligand binding is expected to be more reliable than the purely classical MM/PBSA method.
In this work, we study the interaction of PR, ABT, and PR/ABT with the bridge water W301 using MFCC method at MP2/6-31+G* level and estimate the free energy contribution from W301 (which is in the binding site of the PR/ABT complex) by employing both the MM/PBSA and the MFCC-CPCM/SA methods. All four monoprotonation states, with different protonation positions among the four carboxyl oxygen atoms, are treated in this study. This paper is organized as follows. In Sec. 2, a brief introduction to the theoretical approach as well as some numerical details of the calculation is presented. The details of implementation of the MM/PBSA and the MFCC-CPCM/SA and the comparison of the results are shown in Sec. 3. Concluding remarks are in Sec. 4.
Method

Determination of the initial structure
The crystal structure (pdb id: 1hxw) of PR/ABT complex is used as the initial structure of this work. The AMBER03 force field 49 and GAFF 50 parameters are assigned to protein and ligand, respectively. Hydrogen atoms are added using Leap module in Amber package. The structure of ABT is optimized in gas phase at RHF/6-31G**, followed by a single point calculation at B3LYP/cc-PVTZ level to fit atomic charges with RESP 51 program in Amber package. The complex is soaked in a periodic TIP3P water box and the minimum distances from the complex atoms to the surfaces of the boxes are set to 10Å. Seven Cl-counter ions are added to neutralize the system. For long-range electrostatic interactions, the particle mesh Ewald (PME) method is used while a typical 10Å cutoff is used for the van der Waals interactions. Langevin dynamics is applied to regulate the temperature with a collision frequency of 1.0ps −1 . The system is relaxed in a standard equilibration procedure in two steps. At the first step, only the solvent molecules are allowed to move by starting with a conjugate gradient minimization; next, the whole system is energy-minimized until convergence. After this two-step relaxation, the system is then heated from 0 to 300 K in 100 ps followed by a 500 ps NPT simulation with a time step of 2 fs. All bonds evolving hydrogen atoms are restrained using SHAKE algorithm. The minimum energy snapshot is extracted for the MFCC-CPCM/SA calculations, and compared with the results of MM/PBSA calculation using a structure ensemble. Amber94 charge and radii optimized by Tan and Luo
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are used in the MM/PB calculation with a grid density of 4.0 grids/Å. Normal mode analysis is used to calculate the entropy change. All simulations, MM/PBSA calculations and normal mode calculations are carried out using Amber 9 package. MFCC-CPCM calculations are carried out using our household program.
Thermodynamic cycle
We apply the MFCC-CPCM/SA to calculate the binding free energy contribution from W301 using the thermodynamic cycle depicted in Fig. 1 , which is commonly used in the MM/PBSA calculation. The MM-PBSA approach separates the total binding free energy into four terms which are internal energy term (∆E gas ), electrostatic solvation term (∆∆G ele ), nonelectrostatic solvation term (∆G ne ), and entropy term (T ∆S). Different from the classical MM/PBSA, we apply the MFCC method to calculate ∆E gas and the MFCC-CPCM method to calculate ∆∆G ele . In this way, we are able to calculate the free energy contribution from W301 on QM level. ∆E gas is obtained from MM and the MFCC calculations. Solvation term can be either ∆∆G PB from PB equation as in the MM/PBSA method or ∆∆G MFCC-CPCM from the MFCC-CPCM calculation. Nonelectrostatic solvation energy is calculated using SA program in Amber package. T ∆S is estimated by using normal mode analysis. 
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The MFCC method
The MFCC method for calculation of interaction energy
The interaction energy between PR/ABT complex and W301 approximately equals the interaction energy between PR and W301 plus the interaction energy between ABT and W301. The interaction energy between ABT and W301 (E int (L, W )) is calculated straightforwardly using super molecule method and we employ the MFCC approach to compute the interaction energy between PR and W301. In the MFCC treatment for protein-ligand interaction, the protein is divided into individual amino acid fragments that are properly capped 34 (see Fig. 2 ). PR is decomposed into 198 amino acid fragments by cutting all the peptide bonds. Every position of cut is sealed with a proper pair of conjugate caps (CH 3 CO-and CH 3 NH-). As a result, the calculation of interaction energy between PR and W301 can be divided into independent calculations involving only capped protein fragments with W301 (E int (P , W )) and conjugated caps with W301(E int (CC i , W )). Subtracting E int (CC i , W ) from E int (P , W ) can eliminate the contribution from the conjugate caps in the system. The interaction energy between PR and W301 (E int (P, W )) is then given by summations over all individual interaction energies in Eq. (1). The interaction energy between PR/ABT and W301 (E int (P L, W )) is then given by summations over E int (P, W ) and E int (L, W ) in Eq. (2) .
1270 Y. Tong et al. All the interaction energy calculations are at MP2/6-31+G* level by adding additional mid bond function and counterpoise method is employed to correct the basis set superposition error (BSSE).
MFCC-CPCM
The MFCC-CPCM method has recently been developed that incorporates the CPCM with the MFCC approach. 42 The application of the MFCC-CPCM method makes it practical to calculate QM electrostatic solvation energy for relatively small protein. In the MFCC-CPCM calculation, the protein (solute) is decomposed into capped fragments using the MFCC method as described above. The electrostatic potential on the solute-solvent interface generated by solute can be calculated by summing all the contribution from each capped fragment but subtracting the extra contributions from conjugate caps. Linear equation for the conductor-like screening model (COSMO) is solved iteratively to obtain the induced charges on solutesolvent interface.
42 These induced surface charges are then used as background charges in the QM calculation of solute electronic structure. These steps quite follow the typical self-consistent reaction field (SCRF) calculation, except that the electrostatic potential on the solute-solvent surface is constructed using the MFCC scheme. The electrostatic solvation energy is given by
in which G(wfd) is the solute polarization energy and G(es) is the electrostatic reaction field energy. The solute polarization energy of PR can be approximately
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obtained by
where ∆E k is the polarization energy of individual fragment and ∆E c k is the polarization energy of conjugate caps. The electrostatic solute-solvent interaction energy of protein is given by
Thus, the total solvation free energy is given by
in which G(ne) is the nonelectrostatic contribution to solvation energy, which is calculated using surface area (SA) method in this study. According to this new protocol about calculating electrostatic solvation energy, we obtain the electrostatic contribution to solvation energy. Different from the PB calculations, the MFCC-CPCM includes solute polarization energy explicitly, which is very important for the electrostatic solvation energy of large protein. In this study, we replace ∆∆G PB by ∆∆G MFCC-CPCM .
Results and Discussion
Structures of four protonation states
We performed four independent simulations with different monoprotonation states of two aspartate residues Asp25/Asp25 , respectively. These four possible protomers for the monoprotonated Asp dyad in the crystallographic structure are shown in Fig. 4 . For convenience, we denote them as A1 (protonated at the OD2 of ASP25), A2 (protonated at the OD1 of ASP25), B1 (protonated at the OD2 of ASP25 ), and B2 (protonated at the OD1 of ASP25 ). Snapshots from 500 ps simulation are collected every 1 ps. The time evolutions of the root-mean-square deviations (RMSD) of the protein backbone for these four systems are shown in Fig. 3 . Since the RMSD of the protein backbone atoms relative to the crystallographic structure are 0.87, 0.99, 1.01, and 1.14Å for A1, A2, B1, and B2, respectively, the four protein backbone structures are considered to be very close to crystallographic structure. Thus, the protonation state of the aspartyl groups of PR has no significant effect on the overall structure of PR/ABT.
Interaction energy between PR/ABT and W301 in gas phase
Quantum mechanical calculations are carried out using Gaussian 03. 53 The interaction energies of PR/ABT and W301 at MP2/6-31+G* level for A1, B1, A2, and close to each other. The interaction energy spectra of PR with W301 and the conjugate caps with W301 are shown in Fig. 5 . Both of them are quite close in all the protonation states. So the protonation states have only marginal influence on the interaction energies between PR/ABT and W301. The binding of W301 to the PR is dominated by interactions with two Ile50 residues and two Asp25 residues, which are listed in Table 1 . The results show that the interaction strengths of W301 with these two Ile50s are very close in A1, B1, A2, and B2, and these of W301 with two Asps are also quite close in four states. As in X-ray structure and the four minimum energy structures, W301 forms two hydrogen bonds with PR. In A1 and A2, chain B is deprotonated and has relatively long range electrostatic interaction with W301 through charge-dipole interaction. In B1 and B2, chain A is deprotonated and has similar long range charge-dipole interaction with W301. We list the interaction energies of ABT and W301 for A1, B1, A2, and B2 in Table 1 , which are −10.73, −10.94, −11.25, and −10.60 kcal/mol, respectively. The interaction between ABT and W301 is quite strong and contributes significantly to the overall interaction energy. But the influence of protonation state of the aspartyl groups on the interaction energy of ABT and W301 is minimal.
Electrostatic solvation energy
The PB method in Amber 9 suite and the MFCC-CPCM method are both applied to calculate the electrostatic solvation energy and the results are compared with Table 2 for comparison. As shown in Table 2 , the relative errors of absolute electrostatic solvation energy of moderate grids and coarse grids are 0.6% The calculated electrostatic solvation energies are shown in Table 3 . Obviously, the absolute reaction field energy (G(es)), solute polarization energy (G(wfd)), and electrostatic solvation energy (G(ele)) of PR/ABT/W301 and PR/ABT are different in A1, B1, A2, and B2. G(es) and G(ele) of PLW and PL all increase from B2, B1, A1 to A2, while G(wfd) of them increase from A1, A2, B1 to B2. The differences of G(ele) between PL and PLW in A1, B1, A2, and B2 are 0.02, 2.10, −0.82, and −0.80 kcal/mol which imply that protonation states in A2 and B2 are favorable than those in A1 and B1. ∆G ele is the focus of our study. By using MFCC-CPCM method, they are 7.78, 9.89, 7.05, and 7.09 kcal/mol while being 8.86, 8.98, 8.93 , and 8.78 kcal/mol computed by PB method. Obviously, the contribution of electrostatic contribution from PB is identical and that from MFCC-CPCM is different in the four systems. Since in PB calculation, atomic charges are fixed and their polarization effect is static, application of PB method is limited to processes in which the solute polarization effect can be largely canceled before and after. The improvement in the accuracy of the electrostatic solvation energy could help improve the accuracy in binding free energy calculation. Table 3 . The contributions are similar in A1 and B1, being −3.24 kcal/mol in A1 and −3.78 kcal/mol in B1. And they are also very close in A2 and B2, being −6.79 kcal/mol in A2 and −6.48 kcal/mol in B2. This implies that different protonation states of Asp25/Asp25 have significant impact on the binding free energy contribution from W301. The results of A1 and B1 are in good agreement with those previously reported by Lu et al. based on comprehensive TI calculation, i.e. −4.1±0.3 kcal/mol at A1 and −3.8 ± 0.4 kcal/mol at B1, respectively. 5 These results imply that the MFCC-CPCM/SA calculation is reliable, at least for current system. Besides, the small differences of ∆∆G binding between A1 and B1 and that between A2 and B2 imply that the similar protonation states of Asp25 and Asp25 have no significant effect on the free energy contribution of W301 to PR/ABT.
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Conclusions
This work provides a quantum mechanical prediction of the contribution from W301 to the binding free energy in PR/ABT complex using the MFCC-CPCM/SA method. The MFCC method is applied to calculate the interaction energy in gas phase at MP2/6-31+G* level and the MFCC-CPCM method is applied to calculate the electrostatic solvation energies at HF/6-31G* level. Compared with the results from the MM/PB, the MFCC-CPCM includes the polarization effect explicitly. Combining these results with the nonelectrostatic solvation energy from SA and the entropy loss from normal mode analysis, we obtained the contribution to the binding free energy from W301 in this system. The results, which are in good agreement with FEP/TI method, show that the conserved W301 contributes significantly to the binding free energy of PR/ABT complex.
In this study, we focus on presenting the reliability of our MFCC-CPCM/SA method, while numerical accuracy of this method is not the main concern. We use several approximations to simplify the procedure and reduce the computational cost. The accuracy of MFCC-CPCM approach depends on the number of tesserae that discretize the solute-solvent interface. Although the accuracy is limited because only energy minimized structures are subjected to the MFCC calculation, we represent a quantum mechanical way to study protein/ligand binding.
